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ABSTRACT 

Ejecta knot flickering, ablation tails, and fragmentation are expected signatures associated with 
the gradual dissolution of high-velocity supernova (SN) ejecta caused by their passage through an 
inhomogeneous circumstellar or interstellar medium. Such phenomena mark the initial stages of the 
gradual merger of SN ejecta with and the enrichment of the surrounding interstellar medium. Here we 
report on an investigation of this process through changes in the optical flux and morphology of several 
high-velocity ejecta knots located in the outskirts of the young core-collapse SN remnant Cassiopeia 
A using Hubble Space Telescope images. Examination of WFPC2 F675W and combined ACS F625W 
-I- F775W images taken between June 1999 and December 2004 of several dozen debris fragments 
in the remnant's northeast ejecta stream and along the remnant's eastern limb reveal substantial 
emission variations ('flickering') over time scales as short as nine months. Such widespread and rapid 
variability indicates knot scale lengths ~ lO^'^ cm and a highly inhomogeneous surrounding medium. 
We also identify a small percentage of ejecta knots located all around the remnant's outer periphery 
which show trailing emissions typically 0'.'2 — 0'.'7 in length aligned along the knot's direction of motion 
suggestive of knot ablation tails. We discuss the nature of these trailing emissions as they pertain to 
ablation cooling, knot disruption and fragmentation, and draw comparisons to the emission "strings" 
seen in rj Car. Finally, we identify several tight clusters of small ejecta knots which resemble models 
of shock induced fragmentation of larger SN ejecta knots caused by a high- velocity interaction with a 
lower density ambient medium. 

Subject headings: ISM: individual (Cassiopeia A) - ISM: kinematics and dynamics 



I. INTRODUCTION 

Supernova (SN) ejecta can enrich a galaxy's inter- 
stellar medium with nucleosynthesis products gener- 
ated during the progenitor's main sequence lifetime, 
post-main sequence evolution, and the explosive burn- 
ing that occurs during the supernova outburst itself. 
In this way, SNe influence a galaxy's chemistry by 
steadily increasi ng the metallicity of subsequent stellar 
populations fsee iMatteucci fc Greggiolll986l|Pagellll997l 



lar medium (CSM) and local interstellar medium 
(ISM). In contrast to this scarcity of direct obser- 
vations, the interaction of SN ejecta fragments with 
local CSM and ISM in supernova remnants (SNR) 
has been the subject of m any theoretical studies 



fe.g. . iChevalier 



Anderson et al 



197£ 



1994 



HamiltonMl98 5l: I Jones et all 119941: 
'ad-Fernandcs et al.l 119961: iBvkovl 



iScalo fc ElmegreenI 12004 IMatteucci et al.ll2006r and ref- 
erences therein). 

Expanding shells of stellar debris can undergo 
instabiliti es leading to the fo rmation of ejecta 
clumps (iNagasawa et~all 119881: iMiiller et all 119911: 
iKifonidis et al.l 120031: iHammer et al.l I2010D In- 
deed, there is considerable observational evidence 
for ejecta clumping especially in core-collapse SNe 
^.g.,'Filippcnko & Sargent"1989'; Spvromilio 1991, 1994': 
Fassia et al. ,1998; Matheson ct al. 2000; Elmha mdi ct al^ 
2004) . 



l200a IWang fc ChevaUe'^ |2002| ). Several related stud- 
ies have also discussed the properties of the interstellar 
"bullets" seen in Herbig-Haro (HH) objects and plan- 
etary nebulae d Normaii fc Silkl 119791 IPoludnenko eFall 
I2004al: iRaga et al. 2007) and there are numerous inves- 
tigations addressing the general case of a shock wave in- 
teracting w ith interste llar clouds (see Woodward 197j 



Stone & Norman 1992; Klei n et al.llT994l: iMac Low et aLl 
1994 : .Pittard et al. 2009.. 2010l and references therein) 



Unfortunately, there are few direct observational con- 
straints regarding the timescales for the fragmenta- 
tion and dissolution of ejecta clumps as they move 
through and merge with the progenitor's circumstel- 

^ Based on observations with the NASA/ESA Hubble Space 
Telescope, obtained at the Space Telescope Science Institute, 
which is operated by the Association of Universities for Research 
in Astronomy, Inc. 



Young and relatively nearby Galactic SNRs ofi'er the 
possibility of relatively high resolution investigations 
of such SN ejecta ISM/CSM interactions. With the 
possible exception of the la rge ejecta clumps se en in 
the Vela remnant (lAschenbac h et al. 1995; Stro m et al.l 
IT99I iTsunemi et al.l Il999t IKatsuda fc Tsunemj 12006') . 
the Galactic SNR exhibiting the best example of SN 
ejecta clumps is the young core-collapse remnant Cas- 
siopeia A (Gas A). With a current estimated age of 
aroiuid 330 years (iThorstensen. Fesen. fc van den Berghl 
l200ll:lF^sm et al.l l2006W Gas A is believed to be the re- 
mains of a Type lib supernova event probably from a red 
supergiant progenitor with an initial mass in the range 
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of 15-25 Mq which might have lost much its hydrogen 
envelope due to a binary interaction () Young et al.l 120061 : 
iKrause et ai1[2008l) . 

Cas A consists of an optical, in frared, and X-ray bright 
4' diameter (~4 pc at 3.4 kpc; IReed et "all 119951 emis- 
sion ring of reverse s hock-heated SN debris rich in O, 
Si, S, Ar, Ca and Fe (IChevalier fc KirsWl[T 978. 1979; 
Douvion et aI|[T99l 'Hughe set al.ll2000l: iWillingale et al.i 
2002; Hw ang &: Lam ing 200^. The remnant's optically 
visible debris appears as condensations and filaments 
with typical scale lengths of 0'.'2 ~ I'.'O (1 - 5 x 10^^ cm) 
Early broadband photographic images of Cas A 
taken over several decades starting in the 1950's re- 
vealed substantial changes in the brightness and ap- 
pearance of the remnant's br ight main shell of re- 
verse shocked ejecta iK ampcr fc van den Berghl [l976l : 
Ivan den Bergh fc Kamperl 11985) . These changes have 
significantly altered the remnant's overall optical ap- 
pearance from that seen in 1 951 when the remnant 
was first optically imaged (see Ivan den Bergh fc Doddl 
[l97l . Chan ges in the brightness and appearance 
of ejecta clumps are fairly gradual, with brightening 
and fading e-folding time scal es of around 25 years 
(jKamper fc van den Bergblll976l ). 

Outside the remnant's main shell of X-ray, optical, and 
infrared emitting SN debris lie many hundreds of small 
(< 0'/5) optical emission knots with expansion veloci- 
ties up to 14,000 km s~^ (j^scn 2001; Fcscn ct al. 2006b; 
iHammell fc Fesenll2008f ). While such outlying ejecta are 
found around much of Cas A's limb, the majority lie 
in the nearly opposing NE and SW ejecta strea ms or 
'jets' producing an apparen t bipolar asvmm etrv (iFesen 



20011: 



Hwang et al.l l2004: Kr ause et al . 2005; Fesen et al 



2006aD. 

To date, no investigation has been made into possible 
optical fiux changes in any of the many hundreds of small 
ejecta clumps or 'knots' lying outside the remnant's main 
shell. With locati ons at or ahead of the remnant's for- 
ward shock front (' Fesen et al.ll2006aL IHammell fc FesenI 
[2008), they comprise the vanguard of remnant's SN 
ejecta and are thus the first to dissolve into and enrich 
the local ISM. They are not visible due to reverse shock 
heating as in the main ejecta shell, but are instead shock- 
heated due to their high speed passage through the local 
circumstellar and interstellar medium. 

Here we report results of an imaging survey of some 
of these outlying debris knots which reveal significant 
brightness fiuctuations over times scales as short as nine 
months. In addition, a small percentage of knots exhibit 
trailing emission suggestive of mass stripping and knot 
disruption due to their high-velocity interaction with lo- 
cal CSM and ISM. We also identify several tight clus- 
ters of ejecta knots with a morphology resembling recent 
model results for the fragmentation of much larger ejecta 
knots. The observations and knot flux measurement pro- 
cedures are described in §2 with the observational results 
along with some knot disruption models presented in §3 
and discussed in §4. 

2. OBSERVATIONS 

Broadband images of the Cas A remnant were obtained 
using two different cameras on board the Hubble Space 
Telescope (HST). Although the primary focus of these 
images was Cas A's bright main emission shell of su- 



pernova debris, some of these images cover parts of the 
remnant's outer periphery, thereby detecting dozens of 
high-speed outlying ejecta knots. 

Four 500 s exposures of the remnant's easternmost limb 
were taken on 2000 January 23 and 2002 January 16 
using the Wide Field Planetary Camera 2 (WFPC2) with 
the F675W filter. WFPC2 images have an image scale 
of O'.'l pixel"^ which under-sample HST's 0'.'046 angular 
resolution. The F675W filter has a bandpass of 6000 — 
7600 A and is sensitive to line emissions of [O I] AA6300, 
6364, [N II] AA6548, 6583, [S II] AA6716, 6731, [Ar HI] 
A7136, and [O II] AA7319, 7330. 

Additional WFPC2 images of parts of the remnant's 
northeast jet of ejecta were obtained in June 1999. These 
1999 jet images consisted of four 600 s. Further descrip- 
tions of the WFPC2 data and tjicir reduction can be 
found in IFesen et all (|2001[ ) and lMorse et al.l (|2004[ ). 

HST images covering the entire remnant, including all 
previously known outlying ejecta knots, were obtained on 
2004 March 4-6 and 2004 December 4-5 using the Wide 
Field Chan nel (WFC) of the Advanced Camera for Sur- 
veys (ACS; iFord et al.l[T99l: IPavlovskv et"alll200l on 
board HST. The ACS/ WFC consists of two 2048 x 4096 
CCDs providing a field of view 202" x 202" with an av- 
erage pixel size of 0'.'05. Dithered images were taken 
in each of the four ACS/WFC Sloan Digital Sky Sur- 
vey (SDSS) fihers, namely F450W, F625W, F775W, and 
F850LP (i.e., SDSS g,r,i, and z filters) to permit cosmic 
ray removal, coverage of the 2"5 interchip gap, and to 
minimize saturation effects of bright stars in the target 
fields. Total integration times in these filters were 2000 
s, 2400 s, 2000 s, and 2000 s, respectively. Further de- 
sc riptions of these dat a and t heir reduction can be fou nd 
in 'Fes en et all (l2006a:'b) and |HaminelL&.Fcscn' (2008). 

Standard pipeline data reduction of these images was 
performed using IRAF/STSDA^]. This included debias- 
ing, fiat-fielding, geometric distortion corrections, pho- 
tometric calibrations, and cosmic ray and hot pixel re- 
moval. The STSDAS drizzle task was also used to com- 
bine single exposures in each filter. 

For the WFPC2 F675W images, fiuxes for eastern limb 
knots were measured using the IRAF tasks 'apphot'. For 
the ACS F625F, F775W, and F850LP images, calibrated 
estimates for fluxes of each outer optical ejecta knot for 
the three fl lters were taken from th e outer ejecta knot 
catalog of (Ham mell fc Fese n 2008") which were ca lcu- 
lated using the SExtractor ([Bertin fc Arnoutslll996[ ) au- 
tomated source extraction software package. For cases 
where the automated programs failed, knot fluxes were 
calculated manually five pixel wide apertures. When 
fiuxes were manually calculated, background estimation 
was performed by calculating the total 5 pixel aperture 
fiux in at least five positions near the object (avoiding 
other sources) and then subtracting the mean computed 
"background" fiux from the total object pixel sum. Final 
detector count numbers were then converted to fiux by 
multiplying by the mean fiux density per unit wavelength 
generating 1 count s^^ (i.e., the 'PHOTFLAM' factor) 

IRAF is distributed by the National Optical Astronomy Ob- 
servatories, which is operated by the Association of Universities for 
Research in Astronomy, Inc. (AURA) under cooperative agreement 
with the National Science Foundation. The Space Telescope Sci- 
ence Data Analysis System (STSDAS) is distributed by the Space 
Telescope Science Institute. 
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TABLE 1 

Observed Fluxes of Selected NE Jet Ejecta Knots 



Knot ID 
(Fig. 3) 


Catalog^ 
Number 


F775W'^ 


FSSOLP*^ 


Dec 2004/Mar 2004 


IViar ZUU4 


Uec ZUU4 


IViar ZUU4 


Dec zUU4 


t 1 (OW 


r ooUijr 


1 


377 


6.4 ±0.4 


20.6 ± 1.3 


15.2 ± 0.4 


57.8 ± 3.1 


3.2 ± 0.4 


3.8 ± 0.3 


2 


381 


1.9 ±0.3 


11.7±0.7 


5.9 ± 0.6 


36.8 ± 2.2 


6.2 ±2.3 


6.2 ± 1.2 


3 




1.3 ±0.3 


6.6 ±0.5 


1.6 ±0.3 


7.3 ±0.4 


5.1 ±2.0 


4.6 ± 1.3 


4 


367 




y.y m u.o 




19 7-1-1 1 






5 




2.5 ±0.4 


19.3 ± 1.4 


5.5 ± 0.5 


35.7 ±2.7 


7.7 ±2.2 


6.5 ± 1.2 


6 


217 


5.3 ±0.3 


40.8 ± 1.9 


2.3 ± 0.2 


11.0 ±0.5 


7.7 ±0.9 


4.8 ± 0.7 


7 


180 


12.8 ±0.4 


5.9 ±0.5 


2.7 ±0.5 


1.7 ±0.4 


0.5 ±0.1 


0.6 ± 0.1 


8 


581 


4.0 ±0.3 


13.5 ±0.4 


11.0 ±0.7 


41.3 ± 2.5 


3.4 ±0.4 


3.8 ± 0.5 


9 


597 


3.7 ±0.3 


20.3 ±0.9 


12.0 ±0.7 


63.6 ± 2.6 


5.5 ±0.7 


5.3 ± 0.9 


10 


605 


7.2 ±0.5 


3.4 ±0.3 


18.4 ±0.6 


9.6 ±0.9 


0.5 ±0.1 


0.5 ± 0.1 


11 


713 


3.5 ±0.5 


1.9 ±0.4 


7.1 ± 0.7 


3.5 ±0.3 


0.5 ±0.1 


0.5 ± 0.1 


12 


782 


1.6 ±0.3 


4.0 ±0.3 


3.3 ±0.6 


8.7 ±0.5 


2.5 ±0.8 


2.6 ± 0.3 


13 


992 


5.9 ±0.4 


16.3 ±0.7 


2.6 ±0.8 


7.1 ±0.4 


2.8 ±0.3 


2.7 ±0.3 


14 


914 


8.0 ±0.5 


4.1 ±0.4 


8.2 ± 0.5 


4.4 ±0.3 


0.5 ±0.1 


0.5 ± 0.1 


15 


837 


6.6 ±0.5 


3.7 ±0.4 


4.8 ±0.6 


3.1 ±0.3 


0.6 ±0.1 


0.6 ±0.1 



From the catalog of outer ejecta knots in the Gas A remnant HHammell fc Fesenll200^ ). 



^ Fluxes are in units of 10 erg cm ^ s 



TABLE 2 

Observed Fluxes of Selected Eastern Outer Ejecta Knots 



Knot ID 


Catalog^ 


Jan 2000*^ 


Jan 2002'^ 


Mar 2004^^ 


Dec 2004^^ 


(Fig. 5) 


Number 


WFPC2 


WFPC2 


ACS 


ACS 


A 


1228 


7.3 ±1.1 


9.6 ±0.7 


8.2 ±0.6 


3.5 ±0.4 


B 


1273 


<1.5 


4.4 ±0.6 


4.9 ±0.5 


2.2 ±0.3 


C 


1296 


5.2 ±0.7 


23.9 ±1.3 


13.1±0.6 


5.0 ±0.5 


D 


1297 


3.2 ±0.6 


2.4 ±0.7 


2.8 ±0.4 


7.6 ±0.6 


E 


1323 


2.7 ±0.5 


1.5 ±0.4 


5.3 ±0.3 


4.9 ±0.4 


F 


1325 


4.7 ±0.5 


7.8 ±0.5 


2.4 ±0.2 


2.0 ±0.3 


G 


1330 


5.5 ±0.8 


12.1 ±0.6 


6.7 ±0.4 


5.1 ±0.4 


H 


1344 


17.4±2.1 


2.7 ±0.5 


4.0 ±0.2 


3.4 ±0.4 



Fluxes are in units of 10 ^"^ erg cm ^ s ^ . 

^ From the Cas A outer ejecta knot catalog of lHammell fc FesenI II2008I ). 

Measured from WFPC2 F675W images. 
" Measured from combined ACS F625W + F775W images. 



background, and finally normalized to the measured flux 
of several neighboring field stars. Flux errors listed in 
Tables 1 and 2 include apphot measurement uncertain- 
ties, background non-uniformities, and measurement de- 
viations observed when varying knot centroids. While 
most 1 (T uncertainties listed are below 10%, measured 
flux uncertainties can be as much as 30% for some knots. 

3. RESULTS 

In general, we found that a significant fraction of ejecta 
knots around all portions of the outer periphery of Cas 
A show some degree of optical flux variability. Below, 
we discuss these flux changes along with morphological 
changes in some of these outer ejecta knots. Due to differ- 
ences in expansion velocities and possible chemical com- 
positions, the following discussion is divided into sections 
by knot location. 

3.1. Northeast Jet Knot Variability 

Figure 1 shows HST images for one of the streams of 
ejecta in the remnant's NE jet feature taken at three 
epochs covering a time span of nearly five years. The top 
panel is a June 1999 WFPC2 F675W image, the middle 
panel a January 2002 WFPC F675W image, with the 



times the filter effective bandwidth (EBW). 

Due to the non-spherical nature along with some- 
times changing morphology of some ejecta knots, plus 
the closeness of adjacent emission knots, flux measure- 
ments for many of these outlying ejecta knots are sub- 
ject to greater errors than simply photometric accuracy. 
Moreover, differences between filter bandpass and sys- 
tem throughputs between the WFPC2 F675W filter and 
the combined ACS F625W + F775W adds to the uncer- 
tainty when comparing January 2000 and January 2002 
WFPC2 fiuxes to March and December 2004 ACS fiuxcs. 
Nonetheless, since the WFPC2 F675W filter images and 
the ACS F625W + F775W filter images cover the same 
ejecta emission lines, namely [O I] AA6300, 6364, Ha, 
[N II] AA6548, 65 83, fS II] AA 6716, 6731, and [O II] 
AA7319, 7330 fsee W^e^ [200ll for further details), we 
have attempted to investigate some knot fiux changes 
over the nearly 5.5 yr interval (June 1999 to December 
2004) using these two HST image sets. 

For our investigation of relative fiux differences be- 
tween different epochs using both WFPC2 and ACS im- 
ages, detector counts were summed using 5 x 5 to 9 x 9 
pixel sized windows depending on knot size and neigh- 
boring emission complexity, subtraction of a local mean 



Fig. 1.— HST WFPC2 F675W images (top two panels) and a combined ACS F625W + F775W image (bottom panel) of one of the 
streams of ejecta knots in Cas A's northeastern 'jet' of ejccta. Images eover the time period of 1999.5 to 2004.2 with a time interval 
between images of roughly two years. A significant fraction of ejecta knots exhibit changes in brightness, with circles and boxes marking 
knots showing flux increases or decreases, respectively. The approximate center of field-of-view of the panels is: a[J2000] = 23''23™49.4=, 
<5[J2000] = 58°49'50"). North is up. East to the left. 



bottom panel a March 2004 F625W + F775W ACS im- 
age. All three images are sensitive essentially to the same 
set of emission lines: namely, [O I] AA6300, 6364, [O II] 
AA7319, 7330, and [S II] AA6716, 6731. Thus changes 
seen between these images should be representative of 
overall flux changes in a knot's line emission. 

As Figure 1 illustrates, large brightness changes occur 
in many of the NE jet's ejecta knots across the whole 
length of this ejecta stream during this five year period. 
Ejecta knots and knot complexes exhibiting especially 
large flux increases or decreases have been marked in the 
figure by circles and boxes, respectively. Despite signifi- 
cant changes in many individual knots and knot clusters, 
the overall optical appearance of this stream of ejecta 
does not dramatically change over this nearly five year 
time period. 

Significant fiux changes for some NE jet knots can oc- 
cur over much shorter timescales and we have investi- 
gated whether such changes arc associated with varying 
elemental abundances or changes in the ionization state 
of the ejecta. To do this, we examined several NE jet 
ejecta knots using ACS images taken nine months apart 
(March and December 2004) using the F625W, F775W 
and F850LP filters. These filters are primarily sensitive 



to [S II] AA6716, 6731, [O II] AA7319, 7330 and [S III] 
AA9069, 9531 line emission, respectively. They thus serve 
as fiux variability indicators sensitive to both knot chem- 
istry and ionization state. 

The location of 15 selected knots in the remnant's NE 
jet which were found to exhibit large brightness changes 
over this nine month period are shown in Figure 2, both 
in relation to the whole remnant and within the NE jet 
region. Enlargements of the March and December 2004 
ACS F625W + F775W images of these 15 knots are 
shown in Figure 3. To study possible abundance and ion- 
ization level changes, we measured F775W (i.e., [O II]) 
and F850LP (i.e., [S III]) fluxes for March and December 
2004 for these knots are listed in Table 1. 

Knots that brightened optically over this period are 
1 - 6 and 8, 9, 12, and 13. Conversely, Knots 7, 10, 11, 
14 and 15 decreased in flux. Overall, a majority of knot 
flux changes involved brightening, with only a small per- 
centage of knots showing flux decreases over the March 
to December 2004 time period. While our investigation 
concentrated on significant knot flux changes, knots that 
brightened were found to increase in flux by larger fac- 
tors (~ 3 — 8) as compared to that seen for knots that 
faded. Although the flve knots listed in Table 1 which 
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Fig. 2. — December 2004 HST ACS F625W + F775W image of the Cassiopeia A supernova remnant. Left panel marks the area of the 
remnant's northeastern jet of ejecta knots which is enlarged (right panel) with the six selected areas shown in Figure 3. 



faded between March and December 2004 appear to fade 
by nearly the same factor of '^2 suggesting similar de- 
cay light curves, examination of other jet knots indicate 
a wider range of flux decrease is possible. For example, 
theEammell & Fcscn (2008) catalog knots 419, 995, and 
1019 showed 2004 Dec/Mar F775W flux ratios of 0.35, 
0.25 and 0.35, respectively. 

In general, we detected no pattern in terms of bright- 
ness changes between the three filters to suggest system- 
atic changes in the line emissions between knot bright- 
ening or fading. This can be seen in Table 1 where we 
compare the measured F775W and F850LP fluxes which 
are primarily sensitive to [O II] and [S III], respectively. 
(Note: We excluded flux measurements in the F625W 
filter in Table 1 since it is sensitive to both [O I] AA6300, 
6364 and [S II] AA6716, 6731, thus complicating interpre- 
tation of any observed flux changes.) 

While large brightness changes were only seen in a mi- 
nority of jet emission knots (<25%), smaller flux changes 
were apparent in a much larger percentage of knots, ap- 
proaching 50% when viewed over a longer time frame 
(see Fig. 1). However, with few exceptions, faint emis- 
sion was nearly always visible prior to or following even 
large brighten or fading episodes suggesting a minimum 
excitation level of the ejecta knot outside of these large 
flux change occurrences. 

3.2. Knot Variability along the Eastern Limb 

Substantial knot brightness changes were also seen in 
the remnant's high- velocity ejecta located along its east- 
ern limb. Unlike the NE jet knots, most ejecta here ex- 
hibit a spectrum dominated by Ha and [N II] e mission 
lines, indicating a less O and S rich composition (jFesenI 
[200lt IHammeU fc Fesenl[2008h . 

The portion of the eastern limb region that was exam- 
ined for flux changes is shown in the left panel of Fig- 
ure 4. Locations of selected ejecta knots showing large 
brightness changes are marked in the five smaller regions 
indicated in the right panel of Figure 4, with 2000 and 
2002 WFPC2 and 2004 ACS enlargements of these re- 
gions presented in Figure 5. Within these smaller re- 
gions, flux measurements were made of eight individual 
knots (knots A - H; see Table 2). 

A variety of light curves was found here, with some 



knots going up and down in brightness ('flickering') in 
times as short as one year. For example. Knot A brighten 
slightly between January 2000 and January 2002 but 
then sharply declined between March and December 2004 
(see Fig. 5, top row of images). Knot B (second row from 
top) was undetected in the January 2000 WFPC2 image 
becoming visible in January 2002 but then faded again 
by December 2004. Whereas Knot G (bottom row) un- 
derwent similar flux changes as Knot B, Knot C (mid- 
dle row) was more extreme, increasing four-fold between 
2000 and 2002 but then fading by a similar factor by 
December 2004. 

In contrast, some ejecta knots such as Knot D were 
nearly constant in flux (within measurement uncertain- 
ties) over nearly four years (Jan 2000 - Mar 2004) but 
then showed a substantial brightening over just nine 
months (March to December 2004). Similarly, Knot F 
(second row from bottom) showed an abrupt decrease in 
brightness between 2002 and 2004. 

Overall, an array of seemingly random brightness vari- 
ability, both large and small, was observed not unlike 
that observed in the NE jet ejecta, except that here we 
actually observe flickering. While not all outlying east- 
ern limb ejecta knot exhibit large brightness variations 
over the nearly five year time frame covered by these 
HST images, many knots did. Increases or decreases in 
brightness by 25% or more were not uncommon. 

Although most brightness changes appear uncoordi- 
nated, a few cases do suggest sequential brightening such 
as the closely spaced knots C and D (Fig. 5, middle 
row). These two knots are located nearly directly east 
of the Gas A expansion center with corresponding mo- 
tions nearly due eastward. As noted above. Knot G sig- 
nificantly brightened between 2000 and 2002 but then 
sharply faded by March 2004. Knot D, following closely 
behind Knot G as seen in projection (separation = 1'.'3), 
showed little change in flux between 2000 and March 
2004 but a sharp increase in brightness by December 
2004. 

As illustrated by the vertical line shown in Figure 6, 
the location in the sky were both knots G and D bright- 
ened is nearly the same within 0'.'5 suggesting they may 
have sequentially encountered a circumstellar or inter- 
stellar cloud (not visible on these HST images) at this 



6 



Mar 2004 Dec 2004 Mar 2004 Dec 2004 




Fig. 3. — March and December 2004 ACS F625W + F775W images showing flux changes in ejecta knots over a nine month timespan. 



Eastern Limb \ 
^ ' — y 




I- 



□ 



CD • 

E,F 



60" 



15" 



Fig. 4. — December 2004 HST ACS F625W + F775W images of the eastern Umb of the Cassiopeia A supernova remnant. Left panel 
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Figure 5. 
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Fig. 5. — Enlarged 2000 and 2002 WFPC2 images and 2004 ACS images of five regions along Cas A's eastern limb highlighting several 
SN ejecta knots showing significant flux variations. Measured filter fluxes for knots marked A through G are listed in Table 1. 



spot which led to their shock excitation and hence op- 
tical brightening. This is consistent with their observed 
I'.'S ± O'.'l separati on and their measured p roper motion 
of (y.'434 per year (jHammell fc FesenI 120081 ) . These val- 
ues imply that Knot D would have reached Knot C's pro- 
jected January 2002 position some 3.0 years later and this 
is exactly what is observed. Knot C brightened in Jan- 
uary 2002 roughly 3 years before Knot D was observed 
to brighten in December 2004. 

3.3. Knot Emission Tails 

The HST images of Cas A's outer ejecta knots also re- 
vealed a small percentage of knots (< 5%) with extended, 
trailing emission structures or 'tails' typically 0'.'2 — 0'.'7 
in length. Such trailing emission features were found in 
knots all across the remnant's outer periphery. Figure 
7 shows the locations of ten representative examples of 
knots with trailing emissions, with enlargements of com- 
bined December 2004 ACS F675W + F775W images for 



these knots presented in Figure 8. 

Trailing emissions were always found to be in excellent 
alignment with the knot's estimated direction of motion 
strongly suggestive of mass stripping. This tail - knot 
motion alignment is illustrated in Figure 8 where each 
knot is shown twice, with (right panel) and without (left 
panel) an arrow dr awn from the estimated remnant's cen- 
ter o f expansion (jThorstensen. Fesen. fc van den Berghl 
|2001| ) out to the knot's December 2004 location. In some 
cases, the trailing emission appears smooth in intensity 
away from the knot's head (e.g.. Knots 1, 5, 6 and 7), 
whereas in other cases the trailing emission appears to 
show one or more trailing emission knots (e.g.. Knots 2, 
3, and 9). 

In principle, these emission tails could be in part or 
wholly due to shock-excited CSM or ISM emission caused 
by the passage of these high-velocity ejecta. But this 
seems unlikely. Comparisons of the knot fluxes in the 
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— Flux variations of high-velocity eastern limb knots C 



and D as they move in the direetions indicated by the arrows. The 
vertical line indicates the location where each knot abruptly bright- 
ens, suggestive of an encounter with a circumstellar or interstellar 
cloud which is invisible in these images. North is up, East to the 
left. 




Fig. 7.— Combined December 2004 HST ACS F625W + 
F775W image of the Cassiopeia supernova remnant. The ar- 
rows originate from the remnant's estima ted expansion center 
IIThorstensen. Fesen. fc van d en Bergh"2001") with their tips mark- 
ing the locations of ten examples of outlying, high-velocity ejecta 
knots which appear to exhibit faint trailing emission 'tails' as shown 
in the enlargements presented in Figure 8. 

ACS filters F625W, F775W, and F850LP, shows no sig- 
nificance difference between a knot's head or its tail in 
terms of relative strengths. For example, if the tails were 
due to excited CSM or ISM, Ha and [N II] AA6548,6583 
would then be expected to be the main emission con- 
tributors making the extended trailing emission mainly 
visible in the F625W images. However, this is not what 
is observed; trailing emissions are visible in all three fil- 




FlG. 8. — Enlargements of the combined December 2004 ACS 
F675W + F775W image showing extended emission behind several 
outlying ejecta knots. Each knot is shown with and without an 
arrow marking its direction of motion from the remnant's estimated 
center of expansion. 
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Fig. 9.— March and December 2004 HST ACS F625W, 
F775W, and F850 LP filters images of the ejecta knot No. 429 
l|Hammell fc Fesen 2008) in the NE Jet showing a prominent head- 
tail structure. The arrow in the upper left frame indicates the 
knot's direction of motion. North is up. East is to the left. 



ter images consistent with the picture of mass ablation 
and/or partial knot disruption. 

A closer examination of a knot's trailing emission is 
shown in Figure 9 where we present HST image enlarge- 
ments of a NE jet ejecta knot with a bright emission tail 
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Fig. 10. — Observed head-to-tail flux plots for the NE Jet ejecta 
knot No. 429 shown in Fig. 9. 



~ 0'.'5 long. This knot (No. 429: 'Hammell fc Fesen|[200l 
lies in the central region of the NE jet. Intensity plots 
shown in Figure 10 indicate the trailing emission is some 
50% - 75% as bright as the knot head itself. In order to 
generate this level of emission, the material in the tail 
likely represents a substantial amount of mass. 

The length and structure of the knot's trailing emission 
also changes slightly between the March and December 
images. For example, the knot's emission tail shows the 
presence of an emission clump in the trailing emission. 
The clump's position relative to the knot's head changes 
between March and December in both the F625W and 
F850LP images amounting to a shift of ~ 0'.'05 opposite 
of the knot's outward direction of motion. 

The knot has a measu red proper motion of 0'.'60 yr~^ 
(jHammell &: FesenI 120081) which converts to a transverse 
velocity of ~ 9700 km s~^ at a distance of 3.4 kpc. Thus, 
the smaller forward proper motion of the tail knot im- 
plies a lower transverse velocity by ~ 800 km s^^. This 
velocity difference, together with it relative brightness, 
suggests a deceleration of some portion of the main ejecta 
knot over this nine month time frame. 

4. DISCUSSION 

Ejecta knot flickering, ablation tails, and fragmenta- 
tion are expected phenomena associated with the gradual 
dissolution of ejecta knots caused by their high-velocity 
interaction with an inhomogeneous circumstellar or in- 
terstellar medium. In the case of Cas A's outer ejecta 
whose chemical abundances are significantly non-solar, 
such changes are subject to very different time scales 
and scale lengths than seen in other astrophysical set- 
tings; e.g., HH objects in T-Tauri outflows. 

Several groups have analyzed the dynamical interac- 
tion betw een SN ej ecta and a surro unding low density 
medi u m (IChevaherl [l975l: IHamil tonl 119 8a IJones et al.l 
1994t [Anderson et al.l 11994 iCid -Fcrnandes et all 119961: 
BYkovll2002t I Wang fc Chevalieii 12002.) . A standard fea- 
ture of this interaction is that a slower shock is driven 
into the ejecta knot, which subsequently undergoes com- 
pression and lateral deformation. 

The knot's internal shock heating and subsequent cool- 
ing via radiative processes can generate substantial op- 
tical line emission. For Cas A's outlying ejecta, the 
plasma's cooling rate will be enhanced significantly by 
their metal-rich abundances with additional cooling pos- 



sible via metal ions sputtered off d ust grains (for dis- 
cussions of dust in Cas A ejecta se e iLagage et al.l 119961 : 
lArendt et aDflggllRho et al.l[2008l) . 

The supersonic motion of the knot through the ambi- 
ent medium will form a bow shock upstream of the cloud 
and a strong shear layer will develop at the knot's sur- 
face wliichjs_subje<rt_to Kelvin-Hclmholtz instabil- 
ity ([Mac Low et al.|[l994[ ). The cloud will become com- 
pressed by the internal shock with its boundaries dis- 
torted by Ray leigh- Taylor and Richtmyer-Meshkov insta- 
bilities and by vortex generation as hot gas flows around 
the knot's edge. 

In model simulations of a shocked ISM cloud, a cloud is 
typically destroyed in several dynamical "cloud-crushing 
times", tec, defined as the transit time for the internal 
shock to move e ntirely through the knot (iKlein et al.l 
[T99I IJones eTallliggl iPoludnenkoe Tar 2004b). The 
end result is that the cloud becomes fragmented, decel- 
erated, and eventually shredded. 

One can gain some understanding of the relevant 
time scales for the interaction and microphysical pro- 
cesses with the following estimates. We consider a SNR 
ejecta knot moving at velocity Vk with respect to the 
ambi e nt SNR gas, of density 7t„ » 1 cm~^ (iBraunI 



2009ir 



[19871 IChevalier fc Oishil [2003t IHwang fc Lanfinel 
The knot-to-ambient density contr ast ratio, x, typically 
ranges from 10^-10'' ([Fesenl [20011) . The internal shock 
moves through the knot at velocity Vs « X~^^^ As- 
suming Vk = 5000-10, 000 km s'^ and x ~ 100-10, 000, 
models show the internal shocks propagate at Vg « 
100 - 500 km s-i (|Silvia et al.l[201fll ). 

The strong adiabatic shock compresses the gas, ini- 
tially by a factor of 4, and heats the post-shock gas to 
temperatures between 10^ K and 10^ K. The Rankine- 
Hugoniot temperature jump at the shock front is given 
by: 



3 
16 



(1.4 X 10^ K) 



Vl 



100 



(1) 



for shocks of velocity Vg = (100 km s~^)Vioo and ionized 
gas with mean molecular weight fi ~ 0.6m//. 

One can also define the characteristic time scales for 
knots of transverse size D — (10^® cm)Z?i6 impacted by 
internal shocks of velocity V, and traversing a medium of 
density = (10'^ cm~^)n3. As noted above, the internal 
shocks range from 100 — 500 km s~^, and the observed 
knot sizes are typically O'.'l — 0'.'3. At the 3.4 kpc distance 
estimated for Cas A, an angular size of O'.'l corresponds 
to a linear size of 5 x 10^^ cm. 

The dynamical cloud crossing and gas cooling times 
are then: 



t 



Uo = D/Vs ft 

_ 3fcr/2 
=°°' = ;^A(r) 



(30 yv)DieV, 



-1 
100 



(100 yi-)Tl'nj'Z 



(2) 



Here, Z is the plasma metallicity in units of solar 
values, and the radiative cooling function A(r) ss 
(10^22 erg cm^ s-^)Tq°-'^ (Z/Zq). We define the tem- 
perature T = (10^ K)76i where the cooling expression 
is valid over the range 0.3 < Tg < 10. At temperatures 
1 < Tg < 10, the grain sputtering time is fairly constant 
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(|Dwek fc Arendd[2007l) . 



tsp « (100 yr)n^i 



0.1 /im 



(3) 



scaled to grains of radius a « 0.1 /im. Thus, for temper- 
atures Tg « 1 and plasma densities n w 10"^ cm~'^, the 
grain sputtering time and plasma cooling time are nearly 
equal and both are comparable to the cloud-crossing 
time. 



4.1. Knot Flux Variability 

The basic idea behind emission variations in SN ejecta 
is that decade-long variability like that seen in the rem- 
nant's main shell results from ^^100 km s^^ shock-wave 
passage through ejecta knots with characteristic sizes 
around 10^^ cm. Smaller knots like those present in the 
remnant's outskirts and described in this paper allow for 
faster variability with timescales at or below a few years. 

Understanding ejecta knot brightness variability in- 
volves both dynamical and radiative processes in the 
hot post-shock gas. As described by Equations (1) and 
(2), the characteristic time scales for shock-crossing and 
radiative cooling of post-shock gas are similar, rang- 
ing from 30-100 yr for densities ~ 10^ cm~^, knot 
sizes D « 10^^ cm, and solar metallicities Z « Zq. 
Thus the slow, de cades-long main shell brigh t ness v aria- 
tions reported by iKamper fc van den Berghl (119761 ) and 
Ivan den Bergh fc Kamperi ()1985f ) probablv reflect the 
passage of shocks through large ejecta knots of angular 
size ~ 1" (5 X 10^6 cm). 

Shorter-term {t < 1 yr) variations like those seen in 
the outer knots involve processes on much smaller scales, 
as these knots are compressed and fragmented by in- 
stabilities arising from the shock passa ge. Such pro- 
cesses can be seen in the sim ulations of | Mellema et al.l 
(|2CiO^ . iRaga et al.l (|2007l ) and lSilvia et al.l (|2010D which 
show that a shocked cloud with a relatively homogeneous 
density structure will dissipated into a cluster of much 
smaller knots. 

Ejecta knots wiU, if < 10^^ cm in size (< 0'.'02), ex- 
hibit optical variability on timescales around 1 yr or less. 
Thus, the observed rapid shock-induced flux variations 
on timescales of less than one year suggests significant 
and dense knot substructures below the diffraction res- 
olution limit of HST. However, we will show below in 
§4.3 indications from the lengths of knot emission tails 
that knot variability is unlikely to be shorter than a few 
months. 

A secondary but important ingredient for creating 
rapid variability is a highly inhomogeneous interstellar 
or circumstellar medium. From a three year study of in- 
frared light echoes around Cas A, iKim et aD |2008,) find 
that the remnant's local ISM is highly inhomogeneous, 
consisting of sheets and filaments on a scale of a parsec 
or less. 

However, from our survey of outer knot flux variabil- 
ity, the remnant's circumstellar environment appears to 
have structures on even smaller scales. For example, the 
observed flickering of ejecta knots on times of months 
indicates interactions with small-scale CSM features, as 
suggested by the rapid flickering of the eastern limb knots 
C and D (Fig. 6). In that case, the invisible CSM cloud or 



sheet which knots C and D sequentially run into cannot 
be much larger than 0'.'5 or about 0.01 pc. 

It is important to note that our investigation into rapid 
ejecta knot fiux variations was limited by the shortest 
time interval between images, namely the nine-month 
separation of the 2004 ACS images. Since it is unlikely 
that these images captured a knot either at its maximum 
or its minimum flux brightness, the optical flux variations 
illustrated in Figures 1 — 6 and tabulated in Tables 1 and 
2 may not necessarily represent the shortest times by 
which knot substantially brighten or fade. For example, 
an ejecta knot could have brightened earlier than March 
2004 and then begun to fade during our nine-month ob- 
serving period, meaning that our measured fiux variation 
represents only a minimum change in flux. Similarly, if a 
knot brightened slowly, then our observed fiux change is 
again a minimum value. Larger fiux changes over longer 
time scales are, in fact, suggested by the sudden appear- 
ance of knots in both the jet and eastern limb regions. 

4.2. Knot Deceleration 

A knot will undergo deceleration both from the direct 
interaction with local gas as well as from the internal 
shock driven into the knot that gives ri se to the opti- 
cal emission observed (jJones "eFaLlfTOQl . If individual 
ejecta fragments are treated as dense undistorted knots, 
then their deceleration due to drag from its interaction 
with the ambient medium depends on the knot's veloc- 
ity and mass, the density of the local medium, and the 
cross-sectional area of the knot's bow shock, which for 
hyper sonic conditions is approximately equal to the kno t 
itself (|Chevalieii ll975l:lHamihon"1985': Jones et al."1994'). 

The time scale for knot deceleration (drag) is given 
by Tdrag ~ X^k/Vk where X again is the density con- 
trast between the knot and the ambient medium (i.e., 
Pk/Pa) , Rk is the knot's radius, and Vk is the knot's ve- 
locity ([Jones et al.lll994D . Based on ACS imaging data, 
typical outer knots have velocities of 10,000 km s~^ and 
diameters ~ 0" 1 to :^ 0'.^3 correspondin g to ~ 1 x 10^® 
cm at 3.4 kpc (jHammeh fc FesenI 120081 ). High- velocity 
outlying [S II] emitting knots exhibit electron densities 
lie between 2000 — 16, 000 cm~'^ with typical values be- 
tween 4000 - 10, 000 cm-3 (Fesen & Gundcrson 199f| 
H^sctI 12001 . 

Choosing x — 10'* and an outer ejecta knot velocity 
of 10,000 km s^^ leads to Tdrag ^ 2000 yr, suggesting 
that outer knot deceleration due to drag may be fairly 
small. However, if the kn ot fragments into smaller knots 
as so me models suggest (|Raga et al.l 120071 : iSilvia et"al] 
I2010f ). smaller knots will decelerate more rapidly owing 
to their larger surface area-to-mass ratios. A significant 
deceleration of cloud fragments would be consistent with 
observed lumps in the ablation tails of some ejecta knots 
like that shown in Figures 8 and 9. 

4.3. Knot Ablation Tails 

Cloud-ISM interaction models suggest knot disruption 
might also occur due to Rayleigh- Taylor and Kelvin- 
Helmholtz instabilities resulting in both mass ablation 
tails as we observed in some knots and t he genera- 
tion of smaller, dense knot fragments ( Klein et al.l 1 19941: 
'Jones et al."1994': 'Cid- Fernandes et al.lll996t iRaga et al l 
,2007; .Silvia et al.. ,2010i) . The timescale for initial knot 
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breakup under these conditions, Ttreak, is uncertain but 
is likely to be a few cloud crushing times or Threak ^ 4 

x'/'Rk/Vk. 

Model calculations by IPoludnenko et alj (|2004bl ) for a 
dense knot moving at 235 km in a relatively dense 
medium but of similar size to the outer ejecta seen in Cas 
A showed that deceleration of some of a knot's mass due 
to fragmentation of the knot will result in a Hubble-like 
flow of ablated and stripped material flowing off the knot. 
The fact that most trailing emission tails we observed in 
Cas A are relatively bright and sometimes clumpy sug- 
gest significant mass stripping and partial knot break-up. 
A possible example of knot fragmentation is Knot 9 (see 
Fig. 8) where the knot appears noticeably elongated in 
its direction of motion with a possibly associated fainter 
knot some 0'.'6 behind which itself has some trailing emis- 
sion. 

The length of an observed ablation tail is limited by 
the decline in emission measure (EM — L) as the hot 
post-shock gas expands and cools. Because this stripped 
material may form a fairly a continuous medium of gas 
with similar velocities and densities detached from the 
main knot, tail material will not experience a strong 
internal shock. Thus, trailing material should fade in 
brightness in a timescale roughly equal to the material's 
postshock cooling timescale. This can be estimated from 
the previous sections regarding knot variability and these 
data suggest a timescale for substantial fading on the or- 
der of several months. Such a timescale is consistent with 
the observed length of knot emission tails. For example, 
proper motions of C as A's outer knots is ~ 0'.'4 — 0'.'9 yr~^ 
(jHammell fc FesenI l2008t ) meaning that a typical outer 
knot will move an angular distance roughly 0.2" — 0.5" 
in a timespan of ~ 0.5 yr during which time its trailing 
ablated material cools and hence fades. This agrees well 
with what is observed. 

Presumably all optical visible ejecta knots undergo 
some degree of mass loss due to shock instabilities on the 
front and sides of the ejecta knot. However, only a rel- 
atively small percentage (< 5%) of outer ejecta appear 
to have visible ablation tails on broadband HST ACS 
images. IPoludnenko et al.l (|2004aD found that knot frag- 
mentation was key in producing significant wake emis- 
sion. To investigate the formation of visible emission 
tails, we ran a series of model ca lculations similar to those 
presented in iSilvia et al.l (|2010( ) but where a knot of ini- 
tial density 1000 cm~'^ and temperature of 10^ K and 
an oxygen abundance 100 times solar passed through a 
medium of density of 1 cm^^ with a velocity of 10,000 km 
s~^. Under such conditions, a substantial tail in terms 
of emission measure was formed. Our simulations also 
showed that with x ~ lOOj the knot was disrupted too 
quickly to show a strong head-tail structure, whereas if 
X 3> 10'* then too little material was ablated in a trailing 
wake to be readily visible. 

Prior model simulations of small knots have suggested 
that the inevitable instabilities associated with shock 
heatin g are likely to ha ve short lifetimes on the order 
of tec ()Jones et al.lll994D . which for a 0"2 diameter knot 
with an internal shock velocity ~ 100 km s^^ is about 
30 yr. This timeframe is consistent with observations of 
the brighter of Cas A's outer ejecta knots which have 
been bright enough to be optically visible for several 



decades and some of these show emission tails in HST 
images. One example is the trailing emis sion Knot 9 
shown in Figure 8 (referred to as Knot 10 in lFesenll200lD 
which is visible on a deep red 1976 Palomar 5 m pho- 
togra phic plate (PH 7252vb: 098 -04 emulsion + RG645 
filter; Ivan den Bergh fc Kampeil il983. Thus this knot, 
which exhibits very weak Ha emission but strong [N II] 
emission lines, has b een optically bright for nearly three 
decades (|Fesenll200H) . 

Finally, we note that the emission tails seen for Cas 
A's outer ejecta knots appear morphologically different 
from the emission spikes or "strings" seen emanating 
from the ri Carinae Homunculus nebula (|Meaburn et al.l 
[19871 [1991 iMorse et allHOOSl: IWeis et al.lll999D . These 
long (4" - 16") and thin (0"1 - 0"25) emission fea- 
tures are thought to be decelerated ablated mass loss 
caused by the motion of ^ 1000 km s~^ 'bullets' of 
ejected material movi ng through the star's surrounding 
circumstellar medium (iRedman et al]|2002l : lCurriell2b03l : 
IPoludnenko et al.ll2004bD ~ 

Unlike the trailing emission features seen in Cas A, 
however, the five rj Carinae strings are not perfectly 
straight, they seem to fade in brightness with increasing 
distance from ry Carinae, and show no obvious optical 
emission 'head' or leading knot of emission. These prop- 
erties are quite unlike what is observed in the trailing 
ablation flows associated with Cas A's ejecta knots. 

The lack of an obvious knot at the tip of any of these 
emission strings has been attributed to very high post- 
shock temperatures (> 10^ K) initially present in the 
ablated material making them appear weak optically 
([Redman et al.ll20Q2l:[Poludnenko et al.ll20Q4b[ ). Interest- 
ingly, exactly the reverse is observed in Cas A were we 
see emission directly attached to the hypersonic knots 
which have expansion velocities an order of magnitude 
greater that seen in rj Carinae. 

We speculate that the emission strings seen in rj Cari- 
nae represent ablation flows in which ejected knots are 
largely destroyed and dissolved by their passage through 
the relatively dense circumstellar medium around rj Cari- 
nae. This would account for both the fading of the strings 
with increasing distance and the lack of any observable 
optical bullet head at the string tips. 

4.4. Ejecta Fragmentation 

Besides the noted dumpiness of some emission tails, 
there are additional indicators for the disruption and 
fragmentation of ejecta knots, in particular the break- 
up of relatively large ones. The evidence comes from 
the presence of several unusually tight clusters of ejecta 
knots present in the remnant's NE jet. These clusters 
consist of several closely spaced knots of similar size and 
brightness. Four examples of such knot clusters present 
in the NE jet are shown in the upper panels of Figure 11. 

Morphologically, these tight knot clusters appear sim- 
ilar to the results of shock models which show the frag- 
mentation of a large ejecta knot into a tight cluster 
of srnall, denser k i iots (Mellema et al.ll2002l : iRaga et all 
I2007t ISilvia et al.l l2010i r To illustrate this, we show 
in the lower pan el of Figure 11 model results from 
ISilvia et al.l (|2010[ ) for the evolution of ejecta into a knot 
cluster over a timespan of a few cloud-crushing time 
scales. Although the jet knot clusters are aspherical and 
hence look different morphologically from the spherical 
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Fig. 11. — Top row. Enlargements of the December 2004 ACS F675W + F775W image showing four cjecta knot clusters in the NE jet. 
Bottom Row: Form ation of knot clusters due to the fragmentation of a large ejecta clump after 2.0, 2.4, 2.8 and 3.2 cloud crushing times 
llSilvia et al.|[2OT0D . 



knot clusters seen in the model results, the exact struc- 
ture knot clusters will of course depend upon the initial 
size and structure of the ejecta cloud prior to shock pas- 
sage and is unlikely to be spherical. 

Other examples of small clusters of ejecta knots are two 
ejecta knot clusters situated along the remnant's north- 
ern periphery. Although initially thought to be two single 
knots from iiispection of ground-based images (knots 15 
and 15A; see Fcscn 2001), ffST images resolve them into 
two tight groups of knots each consisting of a dozen or so 
in dividual knots (see on-liii e Figure Sets 2 & 3 for Region 
H; IHammeh fc Fesenll2008D. The outlying Knot 15 (a lso 
known as Knot 91. IKamper fc van den Bergbl I1976D is 
of special interest for estimating lifetimes of ejecta frag- 
ments formed from the fragmentation of a larger knot. 
Although recently showing signs of fading, this group of 
ejecta knots has remained optically visible for nearly 60 
years, being easily detected on one of the first optical 
images taken of the remnant, n amely a November 1951 
Palomar 5 m plate (PH 563b; Ivan den Bergh &: Doddl 
[1970). 

5. CONCLUSIONS 

We report results of a survey on outlying debris knots 
around the young core-collapse SN remnant Cassiopeia 
A using Hubble Space Telescope images. These im- 
ages reveal ejecta knot flickering, ablation emission tails, 
and knot fragmentation which are phenomena associated 
with the initial stages of the gradual merger of SN ejecta 
with, and the enrichment of, the surrounding interstellar 
medium. 

Our major findings and conclusions are: 

1) Substantial changes in the optical flux were seen in a 
significant percentage of the remnant's outer ejecta knots 
including the NE jet and eastern limb regions. In general, 
we detected no pattern in terms of brightness changes 
between three filters to suggest systematic changes in the 



line emissions between knot brightening or fading that 
might suggest a change of a knot's dominant ionization 
state. 

2) A variety of light curves was found with some knots 
going up and down in brightness ('flickering') in times as 
short as nine months. Flux changes typically ranged from 
50% to 800%. While large brightness changes were only 
seen in a minority of jet emission knots (<25%), smaller 
flux changes were apparent in a much larger percentage 
of knots approaching 50%. 

3) The observed flickering of ejecta knots on times of 
months indicates knot scale lengths < 10^^ cm (i.e., < 
0'.'02) along with a highly inhomogeneous interstellar or 
circumstellar medium. Knot interaction with small scale 
CSM features is suggested by the rapid flickering of two 
eastern limb knots, C and D (see Fig. 6). In that case, 
the invisible CSM cloud or sheet which knots C and D 
sequentially interacted with, leading to their sequential 
brightening, cannot be much larger than 0'.'5 or about 
0.01 pc. 

4) A small percentage (<5%) of knots were found to 
exhibit trailing emissions 0'.'2— 0'.'7 in length aligned along 
a knot's direction of motion suggestive of mass ablation 
tails due to high- velocity interaction with local CSM and 
ISM. These emission tails are bright relative to the knot 
suggestive of considerable ablated mass loss and could 
be either smooth or lumpy in intensity away from the 
knot's head. Because these linear knot -I- tail features 
are relatively short and brighter near the knot, they are 
unlike the linear emission "strings" seen in rj Carinae. 

5) We identified several tight clusters of ejecta knots 
which closely resemble fragmentation models for larger 
SN ejecta knots caused by a high-velocity interaction 
with a lower density ambient medium. Archival images 
of Cas A suggest that these knot clusters can survive and 
remain bright for several decades. 
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